The concept of a metapopulation acknowledges local extinctions as a natural part of the dynamics of a patchily distributed population. However, if extinctions are not balanced by recolonizations or if there is a high degree of spatial synchrony of local extinctions, this poses a threat to and will reduce the metapopulation persistence time. Here we show that, in a metapopulation network of 378 pond patches used by the tree frog (Hyla arborea), even though extinctions are frequent (mean extinction probability p eˆ0 .24) they pose no threat to the metapopulation as they are balanced by recolonizations ( p cˆ0 .33). In any one year there was a pattern of large populations tending to persist while small populations became extinct. The total number of individuals belonging to populations that went extinct was small (5 5%) compared with those populations that persisted. A spatial autocorrelation analysis indicated no clustering of local extinctions. The tree frog metapopulation studied consisted of a set of larger, persistent populations mixed with smaller populations characterized by high turnover dynamics.
INTRODUCTION
Fluctuations in the numbers of individuals over time and space are characteristic of all animal populations. Theoretical analysis has identi¢ed that heterogeneity in the spatial and temporal dynamics of local populations is important in the persistence of fragmented populations (Hanski & Gilpin 1997) , coexistence of competitors (Taylor 1991) and population regulation (Pacala et al. 1990) . The global extinction rate increases as the level of synchrony in the dynamics between subpopulations increases (Heino et al. 1997) . When the extinction probabilities are completely independent in each local population, the probability of metapopulation extinction rapidly declines with the number of local populations (Hanski 1999) . However, if the extinction probabilities are correlated, even large numbers of subpopulations will be susceptible to extinction (Hanski 1997) . Correlated environmental £uctuations, dispersal and predator switching have been identi¢ed as factors synchronizing population dynamics (e.g. Ims & Steen 1990; Grenfell et al. 1998; Koenig 1999) .
Recent studies of vertebrates (e.g. Ims & Steen 1990; Ranta et al. 1995) and invertebrates (Hanski & Woiwod 1993; Pollard & Yates 1993) have suggested that £uctua-tions are synchronized over vast areas. These empirical results thus challenge the theoretical importance attached to spatial heterogeneity in the dynamics of populations. In this paper we examine empirical data on the spatial heterogeneity in the extinction dynamics of an entire species range, the Swedish tree frog metapopulation.
METHODS
The distribution of the tree frog (Hyla arborea) in Sweden is patchily dispersed over ca. 1200 km 2 . The entire distribution of this isolated fringe population was censused during four breeding seasons (1989^1992) by counting calling males. There is an earlier (1982) census available but those ¢gures were not used in this analysis because the di¡erences in the time-interval between the censuses would have created the associated problem of determining extinctions that had taken place between 1982 and 1989.
The conspicuous calling of the species permits easy detection and quantitative assessment of local populations (Edenhamn 1996) . When referring to estimates of population size these ¢gures denote the male fraction only. The details of the population structure and methods are given in Edenhamn (1996) .
Testing for the spatial clustering of extinctions was performed in two steps. We ¢rst tested for the existence of declining spatial autocorrelation with distance using the matrix comparison test of Mantel (1967) . This test examines the overall relationship between distance and the correlation coe¤cient between pairs of sites, as well as space^time interactions in location^date data. The signi¢cance of the result was evaluated by a randomization test (Burgman et al. 1993) . However, Mantel's (1967) test statistically tests relative synchrony only and the power of the test is sensitive to large space^time distances. Thus, the test will not unravel how far spatial autocorrelation, if present, extends geographically (Koenig 1999) . This may obscure the detection of synchrony, for instance when the development of correlations is interrupted by source populations and rescue e¡ects entering within the radii of the analysis. We therefore also ran the Knox test, which permits analysis within speci¢ed lag distances; this was done for three critical distances using radii of 150, 500 and 5000 m, respectively. The choice of the lag distances was made in order to encompass both the mean distance between ponds, which is 441m (range 32^3738m) and the mean dispersal distance, which is 390 m (maximum 1500 m) (P. Edenhamn, unpublished results) as recorded in the metapopulation network. Means are presented with § s.d.s.
RESULTS
On average 24.5% ( § 2.7%) of the local populations became extinct each year; however, this was balanced by a colonization rate of 33.1% ( § 10%). Thus, over the four years we discerned an expanding metapopulation both in terms of the number of local populations as well as the total population size (¢gure 1). During this growth phase of the metapopulation a considerable fraction of the local populations became established in new patches (1990, 33.8% and nˆ210; 1991, 38.8% and nˆ278; and 1992, 21.8% and nˆ257) . Of the 378 breeding pond patches used by the species, the regional occupancy in any year was between 48 and 73% (¢gure 1).
The total number of individuals found in populations at time t that were extinct at time t + 1 tended to be relatively low compared with the number of males present in the entire metapopulation. In 1989, 1990 and 1991 the percentages of males belonging to local populations that went extinct were 4.43% (nˆ4200 males), 2.41% (nˆ4900 males) and 4.91% (nˆ6455 males), respectively. The risk of population extinction increases with decreasing population size (¢gure 2), although extinctions of relatively large populations were recorded. Only in the two largest population classes were no extinctions recorded.
The matrix comparison test of Mantel (1967) showed no spatial autocorrelation over the entire distribution range of the species (rˆ0.0048, pˆ0.295 and nˆ500 simulations). Furthermore, there was no evidence of a space^time interaction (rˆ0.0531 and pˆ0.164). An important question is whether or not there is a crosscorrelation between sites located at a given distance apart. This was tested for three critical distances by the Knox contingency 
DISCUSSION
The question of spatial synchrony and its causes is complex. Theoretical ¢ndings support the notion that synchrony in population dynamics increases the global extinction risk (Heino et al. 1997) . Spatial synchrony may be caused by either environmental stochasticity (e.g. climate) or by dispersal (Ranta et al. 1995) and it is a matter of scale as to which one is likely to be the most important. However, the synchronizing role of environmental stochasticity tends to have the greatest impact on the overall level of synchrony (Heino et al. 1997) . Local populations may also £uctuate in response to local habitat conditions and this tends to desynchronize the population dynamics. This is often referred to as local noise. Local noise increases local extinction rates but at the same time reduces the global extinction rate (Heino et al. 1997 ). Local populations dispersed over successional habitats or local habitats di¡ering in other quality aspects are thus better bu¡ered against regional extinction, which is a key assumption in metapopulation models (Hanski 1997) . Regional processes will in such cases ensure the persistence of the species despite a high turnover in local populations. The empirical foundation for the causes and the mechanism behind population extinction is not clear. The best examples are studies of various butter£y metapopulations. On the one hand, British butter£y populations do not show an obvious decline in spatial synchrony with distance (Sutcli¡e et al. 1996) , while on the other, Finnish butter£y populations display substantial asynchrony on a local scale, but seem to be synchronized over the entire metapopulation (Hanski et al. 1995) . There is also evidence of synchronous butter£y extinctions in response to single climatic events (Ehrlich et al. 1980; Pollard & Yates 1993; Sutcli¡e et al. 1996; Thomas et al. 1996) . In this context, it is important to obtain insights into the extent to which local extinctions might be synchronized over wider areas. As pointed out by Thomas & Hanski (1997) , the scale at which extinctions are synchronized is one of the most crucial but least understood aspects of metapopulation biology.
This study might furnish an example of where heterogeneity in local population dynamics may be important in long-term persistence. A large number of extinctions are recorded yearly over the entire range of a species, as in the tree frog metapopulation in Sweden, but they are not clustered. A crucial question is whether this asynchrony of extinctions really increases peristence or whether populations subjected to local extinction are sink populations with little or no e¡ect on the overall persistence. With current information we cannot tell whether the Swedish tree frogs are found in a source^sink metapopulation or in a`classical' metapopulation network. However, there is evidence that relatively large tree frog populations face a signi¢cant extinction risk, indicating that population size probably does not provide immunity against extinction.
It is reasonable to assume that the regional survival of the tree frog hinges on its property of consisting of a large metapopulation network dispersed across patches that vary in quality. The ¢ne-grained quality di¡erences between local tree frog populations include the amount of pasture at breeding ponds, deciduous forest in the vicinity for winter hibernation, cattle grazing in the ponds and the enrichment of the pond this creates, etc. (Edenhamn et al. 2000) . A scenario where small-scale spatial heterogeneity desynchronized population dynamics as we envisage for the tree frog metapopulation corroborated theoretical ¢ndings when the relative importance of local noise increased (Heino 1998 ).
